Graphene has become an exciting two-dimensional material with wondrous properties [6] [7] [8] . Some of the significant properties include Charge-transfer between electron-donor and -acceptor molecules is a widely studied subject of great chemical interest. Some of the chargetransfer compounds in solid state exhibit novel electronic properties. In the last two to three years, occurrence of molecular charge-transfer involving single-walled carbon nanotubes (SWNTs) and graphene has been demonstrated. This interaction gives rise to significant changes in the electronic properties of these nanocarbons. We examine chargetransfer phenomenon in graphene and SWNTs in this article in view of its potential utility in device applications.
ballistic electron transport 9 and anomalous integer quantum Hall effect at room temperature 10, 11 . Raman spectroscopy has emerged as an effective probe to characterize graphene samples in terms of the number of layers and their quality. Single-layer graphene shows the well-known G-band characteristic of the sp 2 carbon network around 1580 cm −1 . The D band around 1350 cm -1 and D' band around 1620 cm −1 are both defect-induced. The 2D band at ~ 2680 cm -1 differs in single and few-layer graphene and can be understood on the basis of the double resonance Raman process involving different electronic dispersions 12 . The 2D band can be employed to determine the number of layers in few-layer graphene. By combining Raman experiments with in-situ transport measurements of graphene in fieldeffect transistor geometry, it has been shown that the G-modes of single and bi -layer graphenes blue shift on doping with electrons as well as holes 13, 14 . On the other hand, the 2D band blue-shifts on hole doping whereas it red shifts on doping with electrons. The relative intensity of the 2D band is quite sensitive to doping. Theoretical calculations based on time-dependent perturbation theory have been employed to explain the observed shifts of the G-band. Comparison between theory and experiment, however, is not entirely satisfactory at high doping levels (> 1x10 13 /cm 2 ) and the disagreement is greater for the 2D band. In the case of bilayer graphene 14 , the blue-shift of the G-band with doping has contributions from phonon-induced inter-band and intra-band electronic transitions, thereby giving an experimental measure of the overlap integral between A and B atoms in the two layers. Furthermore, the in-plane vibration in bilayer graphene splits into a symmetric Raman active mode (E g ) and an anti-symmetric infrared active mode (E u ). Doping dependence of these modes has been examined by Raman scattering 15 and infrared reflectivity measurements 16 . The latter show a drastic enhancement of intensity and a softening of the mode as a function of doping, along with a Fano-like asymmetric line shape due to a strong coupling of the E u mode to inter-band transitions.
There has been progress in the study of charge-transfer interactions of graphene with various electron donors and acceptors. The G-band softens progressively with the increasing concentration of electrondonor molecules such as aniline and tetrathiafulvalene (TTF) while the band stiffens with increasing concentration of electron-withdrawing molecules such as nitrobenzene and tetracyanoethylene (TCNE) as can be seen from Figs. 1 and 2 5, 17 . Both electron-donors and -acceptors broaden the G-band. The full-width at half maximum (FWHM) of the G band increases on interaction with these molecules (Fig. 3a) . The intensity of the 2D-band decreases markedly with the concentration of either donor or acceptor molecule. The ratio of intensities of the 2D and G bands, I(2D)/I(G), is a sensitive probe to examine doping of graphene by electron-donor and -acceptor molecules (Fig. 3b) .
Dong et al. 18 have observed similar effects with single layer graphene on adsorption of various aromatic molecules while Brus et al. 19 have examined the effect of charge-transfer doping of graphene 22, 23 . It has been shown that n-type and p-type graphenes result from charge-transfer interaction of graphene with donor and acceptor molecules respectively. It is also predicted that the extent doping depends on the coverage of organic molecules. Synchrotron-based high-resolution photoemission spectroscopy studies reveal that charge transfer from graphene to adsorbed F 4 -TCNQ is responsible for the p-type doping of graphene 24 . Recent studies of the core-level spectra of the dopant molecules (TTF and TCNE) provide direct evidence for charge transfer involving graphene 25 .
It is interesting to compare the effects of doping graphene by gating 13 or chemical doping by boron and nitrogen 26 with those caused by molecular charge-transfer 17 . The G-band is shifted to higher frequencies when an electron acceptor molecule is adsorbed Organic molecules containing aromatic π systems can be used to solubilize and modify the electronic structure of graphene. Chargetransfer with coronene tetracarboxylate (CT) has been exploited recently to solubilize graphene sheets 27 . It was shown that the CT molecules help to exfoliate few-layer graphene and selectively solubilize single-and double-layer graphenes (Fig. 5) . Graphene quenches the fluorescence of aromatic molecules, probably due to the electron transfer, a feature of possible use in photovoltaics. Chargetransfer from fluorescent molecules to graphene has been utilized in visualization of graphene sheets by fluorescence microscopy 28 and in the use of graphene as a substrate for resonance Raman spectroscopy 29 . Molecular charge-transfer affects the magnetic properties of graphene 30 . Magnetization of graphene decreases on adsorption of TTF and TCNE, interaction with TTF having a greater effect than with TCNE. It is difficult to know the exact cause of such differences, but effects related to molecular planarity and area as well as mechanical compression would be relevant factor.
Charge-transfer effects would be expected to be observed with graphene nanoribbons (GNRs) as well. Graphene nanoribbons are quasi one-dimensional materials with novel electronic, magnetic, optical and conduction properties 31 . Two different edge geometries, namely zigzag and armchair are possible, due to the finite termination of graphene which control the electronic properties of graphene nanoribbons.
The periodic zigzag graphene nanoribbons (ZGNRs) show interesting localized electronic states at the edges 32-34 . These edge states are ferromagnetically ordered but antiferromagnetically coupled to each other. Theoretical investigations have shown that that ZGNRs become half-metallic when an external transverse electric field is applied but very high critical electric fields are required to achieve half-metallicity, suggesting that the realization of half-metallicity is practically difficult 35, 36 . Chemical modification of edges either by passivation with functional groups such as H, NH 2 , NO, and CH 3 37 
Single-walled carbon nanotubes
Carbon nanotubes are one-dimensional (1D) materials with different chiralities and diameters [40] [41] [42] The changes in the Raman spectra are accompanied by changes in the electrical resistivity. The I-V curves become more nonlinear as one goes from aniline to nitrobenzene (Fig. 6b) . The slope of the I-V curve also increases going from nitrobenzene to aniline, probably due to the presence of a higher proportion of metallic nanotubes in the presence of aniline. The above experiments were performed on mixture of metallic and semiconducting nanotubes. The experiments with pure metallic nanotubes separately show that on interaction with TCNE, the 1540 cm -1 feature in Raman spectrum due to the metallic species disappears due to the change in the Fermi level of the nanotubes. TTF had no effect on the Raman spectrum of metallic SWNTs. Interaction of TTF with semiconducting carbon nanotubes, on the other hand, increases the intensity of the 1540 cm -1 feature. This remarkable change in the electronic structure of SWNTs is entirely reversible.
Electrochemical top gating of SWNTs leads to blue-shift in the G-band of SWNTs accompanied by a decrease in the line width with both electron and hole doping 45 .
ITC experiments on the interaction of SWNTs with molecules provide an insight into the affinities of the different molecules 21 .
Interaction energies of electron acceptor molecules (eg., TCNE)
with SWNTs are higher than those of electron donor molecules (e.g., TTF). Metallic SWNTs interact reversibly with electron acceptor molecules such as TCNE, the interaction energy being higher than (Fig. 7b) .
Nanoparticles of gold and platinum deposited on SWNTs also transform the semiconducting species to metallic ones due to Columbic charge-transfer 48 . Metal to semiconductor transition in SWNTs has been induced by helical wrapping of DNA 49 . Water appears to be critical to this reversible transition which accompanied by hybrid formation with DNA. It is predicted that a band gap can open up in metallic SWNTs wrapped with ssDNA in the presence of water molecules, due to charge-transfer (Fig. 8) . Kim et al. 50 have shown that 
Conclusions and outlook
The discussion in the previous sections should make it clear how chargetransfer interaction of SWNTs with electron-donor and -acceptor molecules causes major changes in the Raman and electronic spectra of nanotubes. It is noteworthy that the transformation of semiconducting to metallic and vice versa is possible through charge-transfer interaction.
Changes in the electronic and Raman spectra of graphene brought about by electron-donor and -acceptor molecules is equally fascinating. It should be possible to exploit the changes brought about by the molecular charge-transfer in these nanocarbons for device applications.
